In the present study, long-term spatio-temporal variability in runoff coefficient (C) for different drainage areas of Upper Tapi basin, India, is analysed. The Upper Tapi basin is divided into two sub- 
INTRODUCTION
The runoff coefficient (C ), ratio of direct runoff to the rainfall, is used to describe quick response of the catchment into the surface storage and river systems. It is a useful parameter in describing the runoff dynamics as well as streamflow utilization of watersheds. The runoff coefficients on both a long-term and short-term basis can be computed using rainfall-runoff time series or isolated events, respectively. The event-based C values can be used to study the short-term fluctuations in the systems due to individual flood events or heavy storms, while time series-based C values enable the understanding of total water balance of the catchment on a long-term basis.
The C values have been found to exhibit wide spatial and temporal variability due to varied climatic and physiographic factors of catchments. The spatial and temporal variability of C values mainly depends on precipitation, soil type, basin slope, geology and antecedent soil moisture conditions (Merz & Blöschl ; Norbiato et al. ) .
properties, geology and land use. The seasonality of climate exhibits a decreasing effect on streamflow or runoff, when precipitation and evapotranspiration are in phase with each other. The vegetation controls the evapotranspiration by providing water storage for interception and transpiration, and influences the partitioning and shielding of solar radiation. Further, large root zone storage capacity tends to reduce the runoff and promote the evapotranspiration (Milly ) . Soil properties such as type, texture, permeability, slope, etc. control the infiltration characteristics of rainfall into the earth and, thereby, supply of moisture for evaporation (Yang et al. ) . The geological settings in a catchment also affect the runoff coefficient as overland flow is predominant in a rocky impervious stratum due to reduction in infiltration and evapotranspiration losses. The land use/land cover changes also affect the surface runoff of catchments due to alteration of macroporosity, hydraulic conductivity, infiltration rate, water storage capacity of the soil and their erosion rates (Giertz et al. 
).

Previous investigators, including
MATERIALS AND METHODS
Study area
The Tapi River is the second largest westward draining river of the Indian Peninsula, originating at an altitude of 752 m near 
Physiography of the basin
The Upper Tapi basin comprises Burhanpur (formerly Khandwa) and Betul districts of Madhya Pradesh state;
and Akola, Amravati, Buldhana and Jalgaon districts of Maharashtra state in India. The basin is covered by the Satpura mountain ranges in the north, Mahadeo hills in the east, and Ajanta and Satmala hills in the south (Figure 1(c) ).
The high banks, narrow valleys and gravelly beds are 
The general form of the base flow equation, in terms of BFI max and a, is expressed as: The runoff coefficient (C ), defined as the depth of direct runoff generated at the catchment outlet to the depth of rainfall in the same catchment at a given time scale (Chow et al.
), can be expressed as:
where, P m is the total rainfall depth in the m th duration, R corresponds to total depth of direct runoff, and M is the total duration of the storm event.
The Budyko framework (Budyko ) is useful in representing the land water balance, wherein mean annual precipitation is partitioned into runoff and evapotranspiration as a function of ratio of atmospheric water supply (precipitation) to water demand (potential evapotranspiration). In the Budyko framework, the mean annual evapotranspiration ratio (ET/P) is presumed to be a function of the climatic dryness, and represented as:
where, ϕ is the dryness or aridity index defined as ET 0 /P and
is an empirical function that relates ET/P to ϕ based on general water-energy balance in the basin. The proposed relationship by Budyko () for F(ϕ), can be expressed as:
The detailed methodology adopted in the present study for estimation of runoff coefficient at different time scales, and the influence of various physiographic and climatic factors on variability of runoff coefficient, is presented in Figure 4 .
RESULTS AND DISCUSSION
Watershed input-response relationship
Based on the location of streamflow gauging stations, the Upper Tapi basin is sub-divided into six drainage areas:
Lakhpuri, Gopalkheda, Yerli, Dedtalai, Burhanpur and
Hathnur. The rainfall and flow duration curves for all drainage areas were plotted, using the daily lumped rainfall and streamflow discharges respectively, to visualize inputresponse relationships of drainage areas in Burhanpur and BFI max vis-à-vis filter parameter 'a'. The parameter sensitivity for other stream gauging stations for different time periods was also assessed, as described above, to derive the robust parameter values for base flow separation in the WHAT program. However, the same could not be reported in the paper due to paucity of space. Accordingly, the weighted parameter value of BFI max for each drainage area (as listed in Table 2 ) and the default value of filter parameter (a), i.e., 0.98, have been used in separation of base flow from observed streamflow. Eckhardt () showed that tracer measurements to estimate base flow contribution to streamflow and base flow separation by means of digital filter yielded nearly similar results, and can be applied to other catchments as well. The performance of the base flow separation method used in the present study has been validated with observed streamflow during the dry/lean period by presuming that entire streamflow contribution during such periods is due to base flow only. Figure 9 shows the performance of base flow separation algorithm for observed streamflow hydrograph at Dedtalai stream gauging station for both wet (28/08/1983-11/10/1983) and dry (12/10/1983-25/12/1983) periods. The base flow separation for the dry period is enlarged and shown in the inset in Figure 9 . During the dry period, the rainfall is very negligible other purposes that later join the streamflow. It is seen that filter algorithm performs satisfactorily in separation of base flow from the total streamflow. The base flow index (BFI), which is the ratio of long-term base flow to total streamflow, is then computed for each sub-catchment, as shown in Table 2 . Here, BFI represents the slow and continuous contribution of groundwater to river flow for a given catchment. From Table 2 , while observing computed BFI values, it is evident that contribution of groundwater flows at downstream gauging stations is greater than upstream gauging stations due to the natural topographic gradient.
Temporal variability of runoff coefficient
The temporal variability of C was analysed by computing the ratio of direct runoff depth to lumped rainfall depth at different temporal scales, namely, daily, monthly, seasonal and annual scales. The daily C values were computed for a period of 36 years for only those days where rainfall was recorded. From Table 3 , it is clearly seen that C has very low values at all the sites as the time scale is very small, and entire direct runoff contribution may not be available at respective sites, particularly the contribution due to quick interflow. Further, a distinct divide between the values of C for Purna and Burhanpur sub-catchments is seen, which is mainly due to the difference in topography and land use-land cover of both sub-catchments. The monthly runoff coefficients, computed for all the drainage areas, are reported in Table 3 . From Table 3 , it is seen that C values are higher during the tail end of the monsoon, 1987, 1988-1998 and 1999-2009 were 81.44, 140.52 and , 1977-87, 1988-1998 and 1999-2009 , were estimated to be 0.13, 0.11 and 0.08, respectively. For Burhanpur sub-catchment, it is found that the forest cover is reducing (Figure 13(d) ) and the agricultural area is slightly increasing (Figure 13 , 1977-1987, 1988-1998 and 1999-2009 , as shown in Figure 13 . The increase in C value during 1988-1998 for Burhanpur subcatchment is due to deforestation and urbanization in the region, which is conducive to quick depletion of surface storage at the catchment outlet. The reduction in C value during 1999-2009 is due to development of small storage structures in the sub-catchment for meeting irrigation requirements of agricultural crops in the region. From the above discussion, it can be inferred that distinct and diverse catchment characteristics strongly govern the responses of both sub-catchments, and must be analysed properly by hydrological modellers before envisaging rainfall-runoff or flood modelling in the basin.
Effect of climatic characteristics on runoff coefficient
The effect of climatic characteristics on runoff generation has been studied with the help of the Budyko framework. 1977-1987, 1988-1998 and 1999-2009 ) are studied and shown in Figure 14 1977-1987, 1988-1998 and 1999-2009 was 1011.4, 1123.3 and 887.7 mm, respectively, and the corresponding median runoff depth for these decades was 439.2, 648.6 and 352.2 mm, respectively.
Whereas the median annual rainfall for Purna sub-catchment for decades 1977-1987, 1988-1998 and 1999-2009 was 795.4, 814.1 and 791.1 mm, respectively, and the corresponding median runoff depth for these decades was 64.8, 109.0 and 65.5 mm, respectively. This clearly highlights that the rainfall variation has considerable effect on the climatic characteristics of these sub-catchments, and thereby, on the values of the runoff coefficient. The Budyko framework also enables us to distinguish human-induced and climate-induced changes on hydrology of the basin; however, this aspect has not been envisaged in the present study.
The impact of climate characteristics on the response of the catchment is further examined by analysing the spatial variability in runoff coefficient (on decadal scale) versus evaporative index for different time periods (see Figure 15 ). of 1.37 (nearer to 1), which signifies a dry sub-humid climate, while for Purna sub-catchment, the value of aridity index was computed to be 1.96, signifying closer to a semi-arid climate. The semi-arid climatic regime is characterized by a lesser rate of water supply (rainfall), and increased water loss (evapotranspiration) resulting in lower watershed response (runoff).
